Scanning force microscopy ͑SFM͒ of topography, frictional force, and stiffness on thin gelatin films reveals an entire spectrum of tribological behavior. Images display two distinct phases of gelatin whose characteristics relate to the degree of crystallinity. Dissimilar regimes of velocity-and load-dependent friction and wear on each phase indicate glassy, rubbery, or melt behavior. Of fundamental importance is the finding that energy transferred to the film in the vicinity of the sliding SFM microasperity modifies film response. Moderate frictional heating melts the highly crystalline phase, but reversibly induces rubbery behavior on the partially amorphous phase. More extreme frictional heating melts the latter and allows the liberated molecules to reassociate irreversibly into the highly crystalline phase. This relatively slow process ͑minutes͒ is imaged in real time on the submicron scale. Relaxation from rubbery to glassy behavior upon termination of perturbative scanning is extremely slow ͑hours͒ and also is characterized in frictional images. However, in this case the imaging process itself hastens the relaxation, apparently by providing energy to activate some relaxational processes.
I. INTRODUCTION
Polymer tribology has long been a topic of great practical interest because of its role in the manufacturing and performance of myriad technologies. [1] [2] [3] By the early 1970's, two decades of phenomenological studies of friction on macroscopic polymer surfaces had indicated the importance of viscoelastic energy dissipation in the polymer near deforming asperities. 2, 3 Research tools did not exist, however, to control the loading and deformation conditions about individual microasperities, or to measure the minute frictional force associated with each.
The invention of the surface forces apparatus ͑SFA͒, 4 with its later modification to measure shear forces, 5 enabled careful studies of friction between molecularly flat macroscopic surfaces, including the role of ultrathin boundary lubricant layers. 5 Exquisite control of loading conditions in the SFA, together with sensitive response measurement, allowed researchers to go beyond macroscopic phenomenology and begin to probe the molecular origins of friction.
The scanning force microscope ͑SFM͒, 6 exploits the same piezoelectric-transducer-based control of load as the SFA, but adds nanometer-scale positioning of a single microasperity. Of extreme importance is the concomitant capability of state-of-the-art SFMs to image the topographic, frictional, and mechanical properties of heterogeneous surfaces on the submicron scale, [7] [8] [9] [10] [11] including the effects of tribological perturbations. 10, 11 Thus a tool is now available to investigate the molecular-scale energy dissipation and wear taking place on polymer surfaces in the vicinity of a single sliding microasperity. Even more ambitiously, by varying parameters such as scan velocity, scan repetition rate, and observation lag time, 11 one can probe the nonequilibrium dynamics and nonexponential relaxations characteristic of polymeric systems. 12, 13 In this article we construct a more comprehensive understanding of our SFM findings previously reported in two studies 10, 11 of a particular polymer-network thin-film system: gelatin on mica. The tribological behavior of gelatin films is important during certain industrial coating processes, e.g., in manufacturing photographic media.
14 However, our motivation in these studies was simply to exploit the entire arsenal of SFM capabilities to obtain new information on the structure and properties of gelatin films, including the role of extrinsic cross-linking agents. 14 In the process we encountered a plethora of mesoscopic-to-nanometer scale polymer physics seemingly untapped by other analytical tools. Presently we attempt to consolidate these findings into a coherent picture. We include new images taken in force modulation mode that support our earlier interpretations and further elucidate phase behavior and the effects of perturbative scanning. In particular we find that a low-friction phase exhibits enhanced stiffness, consistent with our previous interpretation of highly crystalline moieties, 10 and that perturbative scanning softens the gelatin film, consistent with our previous identification of induced rubbery behavior.
11

II. EXPERIMENTAL DETAILS
Aqueous gelatin solutions of 10
Ϫ3 wt % were prepared by slowly heating ͑Ϸ2 h͒ a 1 wt % mixture of gelatin ͑Kind and Knox photographic grade, type 2688͒ in distilled/de-ionized water ͑DW͒ to 40-45°C, followed by dilution with DW at 20°C to the desired concentration. Freshly cleaved muscovite mica ͑Union Mica Corp.͒ substrates were rinsed in DW, immersed in the aqueous gelatin solution ͑at least 2 h old initially͒ for 3 h, rinsed in a DW bath, carefully extracted to retain a residual puddle of water, covered, and allowed to dry slowly overnight at 20°C in moderate-humidity ͑30%ϽRH Ͻ60%͒ conditions. The films were initially imaged in air the following day. Repeated imaging over periods of weeks or months reproduced the same film morphology.
The Nanoscope III ͑Digital Instruments͒ SFM was used for all film characterization. We employed the 1231J scanner with lateral/vertical scanning ranges of 150/4.7 m and commercial triangular 100 m cantilevers ͑spring constantϭ0.58 N/m͒ with integrated Si 3 N 4 tips. Images of topography and frictional force (F f ) were simultaneously collected at constant vertical cantilever deflection; the total load or ''contact force'' (F c ) was controllably in the 0.2-200 nN range. Images of topography and stiffness were simultaneously collected at a mean contact force of several tens of nanonewtons with a cantilever modulation amplitude of several nanometers at a modulation frequency of 24 kHz. Images were collected with the tip scanning from left to right in the sample's inertial frame. Friction-actuated cantilever torsion was enabled by choosing a fast-scan direction perpendicular to the primary cantilever axis. Relative frictional forces under sliding conditions were measured at different scan velocities or contact forces in ''friction loop'' measurements 7 collected in the ''y-disabled'' mode, where scanning is performed along the fast (x) but not the slow (y), scanning axis. The frictional forces are reported as the average difference in the lateral-force-derived voltages measured at the photodetector during left-to-right versus right-to-left scanning. Thus on a higher-friction region the friction loop is larger than on a lower-friction region, as indicated in Fig. 1 ͑the thicker line is the lower-friction region͒. In a frictional-force image of two such regions the midpoint of the contrast scale would be as indicated by the dashed line, i.e., the brighter image region is that which exhibits a larger friction loop.
The scan velocity is equal to 2ϫ͑scan length͒ϫ͑scan frequency͒, and thus was varied via independent variables of scan length ͑0.005-150 m͒ or scan frequency ͑0.1-55 Hz͒; a total velocity range of 0.004 -16 500 m/s was investigated. ͑Lower velocities, reached by further decreasing the scan length, did not produce sliding friction in general.͒ Up to five friction-loop cycles were averaged per value of velocity. The contact force was varied by changing the vertical cantilever deflection maintained during scanning. ''Forcedisplacement'' measurements, i.e., vertical cantilever deflection as a function of vertical sample displacement toward and away from the surface, were taken to evaluate the contact force. This is given by the sum of the ''adhesive'' load, quantified from the maximum cantilever deflection toward the sample during withdrawal, and the applied load ͑positive or negative͒, specified by the value of cantilever deflection maintained during lateral scanning.
A variety of SFM tip functionalities were examined including commercial Si 3 N 4 ͑its native oxide surface͒ and modified versions of the same: Cr coated by the manufacturer; oxygen-plasma treated ͑hydrophilic͒ or subsequently methylated ͑hydrophobic͒ with hexamethyldisilazane; 15 tips with adsorbed gelatin terminating in asperities very sharp ͑radiusϷ1/10 that of commercial tip͒ or very blunt ͑radiusϷ10 times that of commercial tip͒. 10 Employing different tips we encountered some quantitative differences in the frictional data which are not important with respect to the present paper. ͑A qualitative, but not fully understood, finding was that at high scanning velocity a ''blunt'' gelatin tip can reveal micron-scale domains of extremely high friction, with no corresponding topographic features.͒ Figure 2 contains representative topography/frictional force ͑top left/right͒ and topography/stiffness ͑bottom left/ right͒ images ͑8ϫ8 m͒, brighter contrast indicating higher elevation/frictional force/stiffness. These images illustrate the two fundamental components of thin ͑1-5 nm͒ gelatin films adsorbed on mica: ͑1͒ a high-friction, low-stiffness ''first layer,'' which completely covers ͑wets͒ the mica substrate; ͑2͒ low-friction, high-stiffness islands typically hundreds or thousands of nanometers in lateral size, porous, and predominantly 1.5 nm thick ͑with a few subregions 5-10 nm thick͒. Aided by high-resolution SFM images ͑collected with a gelatin nanoasperity attached to the SFM tip͒ 10 we have interpreted the dominant first layer as the semicrystalline network conventionally pictured in gelatin films, 17 and the minority-phase islands as intramolecularly folded, triplehelical gelatin ͑helix diameterϭ1.5 nm͒ lying parallel to the surface. The thickness of the first layer in Fig. 2 is 3 nm as determined by direct height measurement relative to the mica surface; the latter was bared with the SFM tip ͑as in the scratch mark at the upper left-hand side͒ during high-force scanning procedures. 10 We have distinguished the frictional behavior of the first layer and islands in a more quantitative fashion in measurements of frictional force versus load and scanning velocity. With increasing load the frictional force initially increases linearly on both phases, consistent with Amontons's law, F f ϭF c , where F f and F c are the frictional and contact ͑appliedϩadhesive loading͒ forces, respectively, and is the friction coefficient. Under nonperturbative scanning conditions ͑discussed below͒ the friction coefficient is roughly a factor of 3 greater on the first layer compared to the islands ͑at a scan velocity of about 100 m/s, and utilizing a Si 3 N 4 tip that exhibits a 50 nN tip-sample adhesive force on the first layer͒. By scanning above a critical contact force ͑typi-cally about 70 nN, but generally a function of tip sharpness and scan velocity͒ 10 the low-friction islands simply disappear, leaving the underlying first layer intact. This is exemplified in the 2ϫ2 m topography/frictional force images in Fig. 3 ͑left/right͒, which shows the result of scanning a 0.5 ϫ0.5 nm region in this perturbative fashion. Scanning at a contact force of Ϸ150 nN with a relatively sharp tip is sufficient to disrupt the first layer ͑described below͒.
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III. RESULTS AND DISCUSSION
The velocity dependence of sliding friction on the first layer is generally nonmonotonic in the 10 Ϫ3 -10 4 m/s velocity range accessible with our instrument, whereas the islands exhibit a monotonic increase with increasing velocity. The trend of the friction-velocity data on the first layer is at first sight peculiar. However, as shown in the representative results in Fig. 4͑a͒ , taken at a contact force of Ϸ110 nN ͑with adhesive component of Ϸ100 nN͒, the frictional force is strictly velocity dependent at the highest velocities accessible and extending down to the 100-1000 m/s decade. At lower velocities the frictional force depends in addition on the scan length/frequency combination selected for a given velocity. This can be assessed by varying the scan length parametrically as done in Fig. 4͑a͒ . We find that for a given scan velocity the frictional force is greater at smaller scan lengths ͑and correspondingly larger scan frequencies͒.
Invoking the known correspondence between friction and viscoelastic loss tangent on polymers, 2, 3 we determined that the strong rise in frictional force with decreasing scan velocity on the first layer corresponds to the onset of rubbery behavior; in turn this reflects the presence of amorphous film constituents ͑absent in the triple-helical, i.e., crystalline, island phase͒. 11 The increase in friction is positively reinforced by friction-derived heating in the repeatedly scanned region in accordance with the time-temperature correspondence of viscoelastic phenomena:
2,3,12,13 the rubbery onset shifts to higher velocity. The cumulative effect of frictional heating is easily demonstrated by collecting successive friction-loop traces: the frictional force increases substantially during the first several scan loops, then asymptotically approaches a value representing a dynamic equilibrium 11 where apparently the continual population of high free-energy molecular conformations is balanced by relaxation-derived energy dissipation. The role of frictional heating is also apparent in Fig.  4͑b͒ , which shows a plot of frictional force versus velocity at different contact forces ͑adhesive component Ϸ90 nN͒, taken over a scan length of 100 m. As the contact force, and consequently the frictional heating, is increased, the onset of rubbery behavior shifts to higher velocity, again in accordance with time-temperature correspondence. In contrast, at contact forces above a critical value ͑cf. Fig. 3͒ or scanning velocities below a critical value the low-friction moieties apparently undergo a direct glass-to-melt transition characteristic of high crystallinity. 18 The effects of frictional heating on the first layer, i.e., rubbery characteristics, do not disappear upon termination of perturbative scanning; instead, residual elevated friction and reduced stiffness is imaged in the affected region, but without corresponding resolvable topographic differences ͑film damage͒. This is demonstrated in Fig. 5 , which shows 5ϫ5 m topography/friction ͑top left/right͒ and topography/ stiffness ͑bottom left/right͒ images of a 2ϫ2 m region previously raster scanned perturbatively. Left alone the elevated-friction, reduced-stiffness region relaxes very slowly ͑on the scale of hours͒ toward the ''ground state'' behavior displayed in the surrounding region. Such a slow relaxation indicates that the rubbery region is not at an elevated temperature in the usual sense ͑excited vibrational degrees of freedom͒. Instead, some of the imparted energy presumably resides in conformational degrees of freedom. 19 In the glassy regime this energy is ''conducted'' away at rates many orders of magnitude slower than vibrational modes ͑phonons͒, via sterically restrained rotations about covalent bonds. The process can be hastened, however, by scanning repeatedly at high velocities and/or low contact forces ͑i.e., less perturbatively͒: Imparted energy then helps conformers exceed activation-energy barriers to rotation without repopulating higher-energy conformations. 20 We have shown that in this case the relaxation to ground state can occur in a matter of minutes ͑while the sample is repeatedly scanned͒, or even seconds.
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Utilizing exceedingly perturbative scanning conditions ͑contact force of 150 nN with a relatively sharp tip͒, the cohesion of the first-layer gelatin film can be completely disrupted. During raster scanning of a micron-scale region one first observes a distorted film exhibiting elevated friction, followed by an exposed, smooth mica surface in portions of the scanned region. Repeated raster scanning eventually clears the mica surface in the entire region; steep mounds of removed gelatin frame the cleared mica. The 3ϫ3 m topography/friction image ͑left/right͒ in Fig. 6 was collected nonperturbatively immediately after the partial completion of this process in a 2ϫ2 m region, when large portions of the modified region were still covered with gelatin. This disrupted but remaining film is seen as the highestfriction regions in Fig. 6 ͑top͒. What appeared to be the cleared mica surface during the high-force scanning looks quite different when imaged at nonperturbative contact force ͓Fig. 6 ͑top͔͒: Instead of a bare mica surface, one observes large domains of a low-friction, 1.5-nm-thick film covering portions of the mica. The frictional, morphological, and other characteristics of this film are identical to that of the low- friction phase present as islands in the original film ͓outside of the 2ϫ2 m modified region in Fig. 6 ͑top͔͒.
10 Mica exhibits a frictional force intermediate to the first-layer and low-friction phase of gelatin. 10 Apparently the highly disruptive scanning process liberates gelatin molecules ͑melts the film͒ to allow reassociation into the low-friction phase; we have argued that this association involves intramolecular folding into the collagen-fold triple helix. 10 We have verified that the process only takes place if an adequate amount of water is present in the film, not surprising considering the known role of water in ͑a͒ mediating protein folding and ͑b͒ forming bridging hydrogen bonds between some amine and carbonyl groups within the collagen-fold triple helix. 17 The association process is slow enough to image in real time on the submicron scale, continuing for a period of roughly 30 min. The topography image in Fig. 6 ͑bottom͒ was collected 32 min after that in Fig.  6 ͑top͒ and represents the asymptotic, steady-state morphology. Individual low-friction film domains have grown laterally while maintaining the 1.5 nm thickness, apparently as free molecules in the melt ͑invisible to imaging because of lack of stiffness͒ join the imaged rigid moieties.
During the growth period the low-friction moieties exhibit fluidlike characteristics 10 but eventually behave like the lowfriction moieties in the as-prepared film. In particular, upon increasing the contact force above a critical value on the stabilized transformed film, the scanned film portion disappears, analogous to the result in Fig. 3 on the low-friction island. This is exemplified in Fig. 7 , which shows a topography/friction ͑left/right͒ image of a 2ϫ2 m region containing a completely transformed 1ϫ1 m region. After the low-friction film had reached a steady-state morphology, scanning a 0.3ϫ0.3 m subregion at moderately elevated force removed the film leaving the bare mica surface; this is seen in the center of the 1ϫ1 m transformed region.
IV. CONCLUSIONS
To our knowledge this is the first tribological study on polymers to ͑1͒ distinguish spatially the signature of different phases; ͑2͒ elucidate and control the effect of frictional heating on tribological response; ͑3͒ image and partially quantify the nature of glassy versus rubbery behavior; and ͑4͒ identify not only structural changes ͑wear͒ but a distinct phase transformation induced by tribological processes. These findings relied on the nanometer-scale positioning and nanonewtonregime load control at a single sliding microasperity, as well as nanonewton-regime frictional force measurement, all unique features of the SFM.
Our results imply that a highly crystalline polymer phase can pass directly from glass to melt under sliding friction conditions; a semicrystalline network phase of the same polymer instead passes through a rubbery regime, melts under more extreme frictional perturbation, and on a mica substrate may reassociate into the highly crystalline phase provided that adequate amounts of water reside in the film. Thus the macroscopic tribological behavior on such systems should not only depend on the relative contributions of different phases at or near the surface, but on reversible ͑e.g., glass-rubber͒ and irreversible ͑e.g., glass-crystal͒ transitions induced by frictional heating. The entity resulting from irreversible changes may have starkly different characteristics than the original.
Finally, considering the observed role that energy transfer can play in determining polymer response, it is important to FIG. 6 . ͑Top͒ Topography/frictional force ͑left/right͒ imaged nonperturbatively immediately after highly perturbative raster scanning of a 2ϫ2 m region of the first layer. A disrupted form of the original film exhibits the highest friction. A 1.5-nm-thick film appears within cleared mica regions ͑lowest surface͒, exhibits friction identical to the low-friction islands in the as-prepared film ͑outside of 2ϫ2 m modified region͒, and grows laterally for approximately 30 min after termination of the disruptive scanning process. ͑Bottom͒ Steady-state topography imaged after this growth no longer occurs.
FIG. 7. Topography/frictional force ͑left/right͒ images collected nonperturbatively of a 1ϫ1 m first-layer region scan transformed into the lowfriction phase. The dual image was collected after the low-friction film had ͑1͒ reached its steady-state morphology and ͑2͒ been subsequently raster scanned perturbatively in a 0.3ϫ0.3 m subregion.
consider the entire tribological system ͑here polymer plus asperity͒ as a unit and not ''linearize'' it conceptually into its components without justification.
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